Theoretical calculations based on density functional theory (DFT) were performed to study the substituent effect on the geometric and electronic structures as well as the biological behavior of technetium-99m-labeled diphosphonate complexes. Optimized structures of these complexes are surrounded by six ligands in an octahedral environment with three unpaired 4d electrons (d 3 state) and the optimized geometry of 99m Tc-MDP agrees with experimental data. With the increase of electron-donating substituent or tether between phosphate groups, the energy gap between frontier orbitals increases and the probability of non-radiative deactivation via d-d electron transfer decreases. The charge distribution reflects a significant ligand-to-metal electron donation. Based on the calculated geometric and electronic structures and biologic properties of Tc-diphosphonate complexes, several structure-activity relationships (SARs) were established. These results may be instructive for the design and synthesis of novel Tc-diphosphonate bone imaging agent and other 99m Tc-based radiopharmaceuticals.
Introduction
In the past few years, technetium-99m-based radiopharmaceuticals have received considerable attention as diagnostic agents in nuclear medicine due to the favorable nuclear properties (E γ = 142 keV, t 1/2 = 6.02 h) and low cost of the radionuclide 99m Tc. [1] [2] [3] A variety of 99m Tc-based radiopharmaceuticals have been developed and approved by the Federal Drug Administration (FDA) for determining organ function or assessing disease status by imaging methods. [4] [5] [6] Bone imaging agents are among the first developed 99m Tc-radiopharmaceuticals and the most widely used radiopharmaceuticals in the diagnostic nuclear medicine, 4 which involve 99m Tc-labeled diphosphonates such as methylenediphosphonate (MDP) 7 and hydroxymethylenediphosphonate (HMDP). 8 They have been widely used for many years in bone scanning and provide an effective means of diagnosing primary bone cancer, metastatic bone disease, Paget's disease, osteoporosis, bone trauma, etc.
As well known, a successful bone imaging agent requires high bone uptake and low soft-tissue uptake as well as a quick clearance from the blood and soft tissues. However, in order to achieve images of high definition, current agents normally require an interval of 2-6 h between injecting and performing the bone scanning. 9 Therefore, shortening this interval is highly desirable that could lead to worthwhile increases in convenience to patients and physicians and in the efficiency of running nuclear medicine units. Accordingly, a radiopharmaceutical with higher affinity for bone, larger uptake ratios of bone-to-soft tissues and more rapid clearance from blood is required to enable imaging at an earlier time post injection.
10 To date, a number of 99m Tclabeled diphosphonates have been prepared and evaluated in animals. 5, [9] [10] [11] We have also been involved for several years in the synthesis and biological evaluation of novel 99m Tc-diphosphonate complexes for developing novel bone imaging agents.
11 In general, all of these compounds have the phosphate groups separated by a single carbon atom, i.e., with the fundamental P-C-P backbone structure. What about increasing the number of tether between two phosphates? So far, there are few studies reported.
12,13
As an adjunct to experiment for the design and analysis of novel compounds, molecular modeling has found extensive use in the organic pharmaceuticals and other valuable chemicals.
14 This not only provides useful information that is difficult or impossible to measure, but also leads to a reduction in unnecessary measurement or synthesis of candidates in the course of designing new compounds. With the rapid development on the computer technology and theoretical chemistry, molecular modeling has also been used successfully in the metal-based diagnostic or therapeutic agents, 15,16 although there are several difficulties inherent in the transition metal chemistry, such as large number of electrons and orbitals, relativistic and electron correlation effects, and diverse open-shell species. As expected by Jurisson in the review of coordination compounds in nuclear medicine, "molecular modeling will certainly become an important aspect of the design process".
In a continuing effort to find better bone-imaging agents, in the present work molecular modeling was performed to investigate the effect of tether between two phosphates on the geometric and electronic structures as well as the biological behavior of 99m Tc-labled diphosphonate complexes, such as 99m Tc-labeled 1,2-dihydroxy-1,2-bis(dihydroxyphosphonyl)ethane (DHPE), 12 2,3-dihydroxy-2,3-bis(dihydroxyphosphonyl) butane (DHPB), 13 and 2,4-dihydroxy-2,4-bis-(dihydroxyphosphonyl)pentane (DHPP). 13 These compounds can be viewed as longer-chain analogues of MDP with the backbone P-C n -P (see Table 1 ). Besides, 99m Tc-HMDP 8 and 99m Tc-HEDP 18 with the methylene-hydrogen atoms substituted by -OH and -CH 3 have also been studied. Substituent effect on the structures and biological behavior was investigated and compared with available experimental data. The structure-activity relationship has also been established for these complexes, which may be instructive for the design and synthesis of novel 99m Tc-diphosphonate bone imaging agent and other 99m Tc-based radiopharmaceuticals.
Computational Methods
According to the X-ray structure of the clinically widelyused bone imaging agent 99m Tc-MDP, 19 structures of 99m Tc-MDP, 99m Tc-HMDP, 99m Tc-HEDP, 99m Tc-DHPE, 99m Tc-DHPB and 99m Tc-DHPP were constructed using the 3D Build tools as implemented in the Visualizer module of the commercial software Materials Studio 3.0.1. 20 The initial models were optimized by molecular mechanics (MM) method with the Universal forcefield 21 using the Forcite module. Then, every conformer was reoptimized by the hybrid B3LYP
22 method with the Gaussian03 program. 23 To include the technetiumcontaining model system in the quantum chemical (QM) calculation, the "double-ξ" quality basis set LANL2DZ 24 was chosen which uses Dunning D95V basis set 25 on first row atoms and Los Alamos effective core potential (ECP) plus DZ on Na-Bi. 26 Compared to all-electron basis sets, ECPs account to some extent for relativistic effects, which are believed to become important for the elements from the fourth row of the periodic table. Geometries were fully optimized without any symmetry restriction by the Berny method, and the nature of the stationary point was verified through the harmonic vibration analysis. Charge distribution in each complex was studied by Mulliken population analysis (MPA) 27 as implemented in the Gaussian03 program package. 23 The electron density diagrams of molecular orbitals were generated by the GaussView program. 28 Based on the B3LYP/LANL2DZ optimized structures, several physicochemical parameters were further computed by the QSAR properties item of Hyperchem7.5 29 to study the structureactivity relationship of 99m Tc-DPs.
Results and Discussion
Ground-State Geometry. As well known, the first and most important step in any computer-aided design and analysis protocol is to determine reasonable geometries of the target compounds. With respect to 99m Tc-DPs in the present study, syn and anti isomers may be existed for each complex except 99m Tc-MDP that is defined by the relative spatial orientation of the hydroxyl group (i.e., R 1 ) on the carbon atom to that of the hydroxyl on the center metal Tc. In Figure 1S , the fully optimized ground-state geometries are shown for the syn and anti isomers. There are no imaginary frequencies for any structure, indicating that these structures are indeed the minima on their potential energy surfaces. The main optimized geometric parameters in the gas phase together with the X-ray crystal diffraction data of the complex [Li( Table 2 .
In each optimized complex, Tc(IV) adopts an octahedral coordination geometry with one technetium center bridging two DPs and two hydroxyl groups. The basal plane is defined by four oxygen atoms (O4, O6, O12 and O18) of the DP and hydroxyl ligands, and the apical positions are occupied by another two oxygen atoms (O14 and O19) of the DP and hydroxyl ligands. Inspecting the optimized structure of the prototypical complex 99m Tc-MDP, the calculated Tc-O bond lengths are found to vary from 2.007 to 2.088 Å, which are generally in line with the observed Tc-O single bond lengths (2.00-2.03 Å) 30 since Tc=O double bond lengths are considerably shorter (1.65-1.70 Å). 30 Compared with the experi- 19 the optimized Tc-O bond distances are slightly longer. This is not surprising given that crystal packing and hydrogen bonds can induce conformational features that are not present in the theoretical calculation of the isolated molecule in the gas phase at 0 K. Additionally, there is also inherent drawback in the DFT calculations arising from the dynamical correlation effects. 31 On the other hand, the calculated bond lengths and bond angles within the MDP ligand are in general agreement with the experimental studies of the free acid H 4 MDP 32 and related diphosphonates.
33 A slight discrepancy comes from the crystal lattice distortion existing in the real molecules. On the whole, the fully optimized complex Tc-MDP is in general agreement with the experimental structure. Therefore, it was used as a starting point to investigate the relative stability of Tc(IV) complexes with different diphosphonate ligands and to evaluate the stabilizing or destabilizing influence of various functional groups combined to the carbon atom of MDP.
From Tc-MDP to Tc-HMDP and to Tc-HEDP with the methylene-hydrogen atoms substituted by -OH and -CH 3 , the atomic distances between Tc and O DP increase while those between Tc and O OH decrease (see Table 2 ). This indicates that the bond strength of Tc-O DP in Tc-HMDP and Tc-HEDP becomes weaker in comparison with the parent complex Tc-MDP, while Tc-O OH in Tc-HMDP and Tc-HEDP are stronger than that of Tc-MDP. This may be due to the increase of steric hindrance caused by the additional substituent at the carbon atom. Comparison between syn and anti isomers shows that the bond lengths of Tc-O DP arrange differently due to the different orientation of side chains in the syn and anti isomers. For example, in the syn and anti isomers of Tc-HMDP, although the individual bond lengths of Tc-O DP display significant differences, the mean values are equal.
Also noteworthy is that some Tc-O DP bonds in the anti isomer of Tc-HEDP are even longer than those in the syn isomer. This may be attributed to the larger steric hindrance of the methyl than the hydroxyl. Moreover, the bond lengths of Tc-O OH in the anti isomer are shorter than those in the syn one. According to the definition of syn and anti isomers, it can be interpreted by the fact that the syn isomer has more hydroxyl groups at the same side than the anti isomer, and therefore the repulsion between these groups in the syn isomer are larger than those in the anti isomer. This can be observed intuitively from the optimized geometries of Tc-HMDP and Tc-HEDP ( Figure 1S ).
As the tether between two phosphate groups increases from one to three, i.e., from Tc-HMDP and Tc-HEDP to Tc-DHPE, Tc-DHPB, and Tc-DHPP, the bond lengths of Tc-O DP are found to decrease and those of Tc-O OH increase on the whole. On the one hand, this is mainly ascribed to the fact that the repulsion between atoms of the ligand and the center metal decreases with the expansion of the ring formed by Tc and DPs. On the other hand, it can also be explained in terms of electron density on the technetium, by considering the contribution of electron donation from the ligand with electron donating substituents (-OH, -CH 3 and -CH 2 -) to the central technetium atom. An increase of the electron density on the technetium atom prevents σ and π electron donation from the hydroxyl group to the technetium atom, and it would lengthen the bond Tc-O OH and shorten the bond Tc-O DP . Similarly, comparison between syn and anti isomers also shows that Tc-O OH bonds in the anti isomers are shorter than those in the syn one, and bond lengths of Tc-O DP rearrange differently according to the different orientation of side chains in the syn and anti isomers. Due to the larger repulsion between atoms of the ligand and the center metal in the anti isomers (see Figure 1S ), Tc-O DP bonds in the anti Table 2 also shows that although the methylene-hydrogen atoms are substituted by different groups or the tether between phosphate groups increases, they have similar geometrical rearrangements around the center metal to Tc-MDP and there is no significant difference in the bond angles OTc-O of the syn and anti isomers. Thus, they are independent of the electron-donating character and spatial orientation of the substituent in the DPs ligands.
Electronic Structure. Table 3 lists the energies of total electrons and frontier molecular orbitals (FMOs) as well as the energy gap between FMOs (E g = E LUMO − E HOMO ), where HOMO and LUMO denote the highest occupied molecular orbital and the lowest unoccupied molecular orbital. The charge distribution and spin density obtained from the Mulliken population analysis are given in Table 4 .
Several features can be observed from Tables 3 and 4 . First, total energies of all anti isomers are higher than those of the syn isomers, indicating the anti conformers of Tc-DPs are less stable than the syn ones. This is consistent with the fact that molecular polarities (μ) of the optimized anti structures are higher than those of the syn structures. However, the energy gaps E g of anti isomers are all higher than those of syn isomers besides both E HOMO and E LUMO of the anti isomers are larger than those of the syn isomers, indicating that the anti isomer has higher stability than the syn isomer. Here, the stability refers to the chemical or photochemical processes with electron transfer or leap. That is, the probability of non-radiative deactivation via d-d electron transfer in the syn conformation is larger than that in the anti conformation. As well known, frontier molecular orbitals usually play a relevant role in such systems because they rule the electronic excitations and the transition character. To intuitively understand the electron transition process, Figure 1 orbitals mixed with little π*(P-O). As the tether between two phosphates increases to two or three, some 2p orbitals of C in the tether also have contributions to HOMOs besides 4d xy (Tc) and 2p(O), but the composition of LUMOs hardly changed. It seems that electron-donating substituent (−OH, −CH 3 and −CH 2 −) has little effect on FMOs although there is relatively larger effect on HOMOs, because they are directly inserted into the ligand DP and far from the center metal Tc. However, noteworthy is that with the increase of electron-donating substituent or tether, the energy gap between FMOs increases on the whole. According to the above analysis of FMOs, it can be inferred that ranging from Tc-MDP to Tc-DHPP, the probability of non-radiative deactivation via d-d state decreases. In other words, introduction of σ-donor substituents to the MDP ligand will prohibit nonradiative pathways via d-d transitions in these complexes. Focusing on the charge distribution of these Tc-DPs, one can find that the calculated charge on the technetium atom is considerable lower than the formal charge +4, corresponding d 3 configuration of the central ion. It results from significant charge donation from the ligands. The charges on the oxygen atoms which are coordinated to the technetium (i.e., O4, O6, O12, O14, O18 and O19) are also significantly smaller than −2. On the whole, the charges on the oxygen atoms of the diphosphonate ligand are less negative in comparison with the oxygen atom of hydroxyl groups. It indicates the higher electron density delocalization from the O DP towards the central ion and corresponds to differences in the bond lengths of Tc-O DP and Tc-O OH . Similarly, the oxygen atoms bonded to the phosphorus also carry non-negligible negative charges (ca. −0.7) and the phosphorus possesses a positive charge (ca. 1.3), which is also much smaller than the formal charge +5. In a word, this charge distribution can be attributed to the nephelauxetic effect, whereby ligand charge donation partially shields the metal d electrons from the central-ion nuclear charge and drives expansion of the delectron "cloud". 35 It agrees well with the investigation of Pauling that "Stable M-L bond formation generally reduces the positive charge on the metal as well as the negative charge on the ligand."
36
With an electron-donating substituent -OH introduced to the diphosphonate ligand, the net atomic charge on Tc increases significantly and those on O OH decrease dramatically in comparison with the parent complex Tc-MDP. However, as more electron-donating substituents added to the ligand such as -OH, -CH 3 and -(CH 2 ) n -, the charge on Tc decreases in comparison with Tc-HMDP and it changes slightly from Tc-HEDP to Tc-DHPP. This suggests that introduction of more electron-donating substituents has little effect on the charge distribution because they are far from the center metal Tc. A comparison of Q Tc between syn and anti isomers shows that the former is relatively more positive than the latter, indicating the ligand-to-metal electron donation in the anti isomers is larger than that in the syn isomers.
In addition, MPA spin-unrestricted analysis also provides the atomic spin density ρ, which is the difference between the total α and β electronic populations of the atom. As for the complexes Tc-DPs, the spin densities are found to be mainly localized on the center metal Tc (ca. 2.5) and partly located on the six coordinated oxygen atoms (see Table 4 ). On those atoms that are not involved in direct bonding with the metal Tc, there is little spin density. This shows that the spin density is borne by the technetium atom and corresponds to the quartet d 3 state of the technetium atom in the title complex, implying that no metal-ligand back-donation exists at this level. Furthermore, it is also noted that introducing an electron-donating substituent (-OH, -CH 3 ) to the diphosphonate ligand leads to the increase of ρ Tc . However, ρ Tc decreases with more electron-donating substituents added to the diphosphonate ligand compared with Tc-HMDP and it changes little from Tc-DHPE to Tc-DHPP. This is consistent with the variation of Q Tc .
Structure-Activity Relationship. Tc-MDP, 13 including the bone uptake (a bone , %ID·g ), and uptake ratios of bone to soft tissues such as muscle (a bone /a muscle ) and blood (a bone /a blood ). Here, it should be pointed out that although there are many biodistribution studies reported for the approved radiopharmaceutical 99m Tc-MDP in the past, the data for the organ uptake at the same time point are difficult to find. Therefore, to compare the biodistribution results more accurately, we carried out the biodistribution study for 99m Tc-MDP using the same experimental method as 99m Tc-DHPE.
11
As can be seen from Table 5 , the bone uptake of 99m Tc-DHPE at 0.5 h post injection was markedly larger than those of 99m Tc-DHPB and 99m Tc-DHPP, and it decreases in the order of 99m Tc-DHPE > 99m Tc-DHPB > 99m Tc-DHPP although the difference between latter two agents is small. At the same time, the muscle uptake and blood uptake of 99m Tc-DHPE are both smaller than those of 99m Tc-DHPB and 99m Tc-DHPP. Therefore, the uptake ratios of bone to muscle and blood of 99m Tc-DHPE are much higher than those of 99m Tc-DHPB and 99m Tc-DHPP. Analysis of their structures shows that the decrease in the bone uptake of 99m Tc-DHPB and 99m Tc-DHPP can be attributed to the steric hindrance of -CH 3 . Compared with 99m Tc-DHPB, additional methylene chain introduced to 99m Tc-DHPP has little effect on the biological properties. For example, the additional methylene group did not change the bone uptake and uptake ratios of 99m Tc-DHPP significantly. Therefore, it can be concluded that the side chain -CH 3 plays a dominant role in the organ uptake, which is not beneficial to improve the biological performance of 99m Tc-DPs. Compared with the clinically widely-used bone imaging agent 99m Tc-MDP, the radiotracer 99m Tc-DHPE shows comparable characteristics including high selective uptake in the skeleton and low uptake in soft tissues, suggesting that it holds great potential as a novel tracer for bone scanning.
Based on the calculated geometric and electronic parameters, the structure-activity relationship (SAR) was investigated for 99m Tc-DPs. The geometric descriptor includes two types of molecular volume V vdW and V sol (van der Waals and solvent-accessible bounding surface), four types of molecular surface area SA grid,vdW (van der Waals surface area using a grid method), SA grid,sol (solvent-accessible area using a grid method), SA approx,vdW (van der Waals surface area using a fast approximate method) and SA approx,sol (solventaccessible area using a fast approximate method), which have been listed in Table 6 . The electronic descriptor includes E HOMO , E LUMO , E g , µ, Q Tc , ρ Tc , logP and E hydration . The biological descriptor consists of the bone uptake, muscle uptake, and bone/muscle uptake ratio, since they are more important for obtaining good quality skeletal image than the blood uptake and bone/blood ratio.
As shown in Figures 2 and 3 , the biological performance correlates well with the FMO energy gap E g and molecular geometrical parameters V vdW , V sol , SA grid,vdW and SA grid,sol . These correlations can be expressed in the linear form of Y = a+bX, which have been summarized in Tables 7 and 8 . It is clear that with the increase of E g , V vdW , V sol , SA grid,vdW and SA grid,sol , the bone uptake and bone/muscle ratio both decrease in the order of 99m Tc-MDP > 99m Tc-DHPE > 99m Tc-DHPB > 99m Tc-DHPP, while the muscle uptake increases in the order of 99m Tc-MDP < 99m Tc-DHPE < 99m Tc-DHPB < 99m Tc-DHPP. These can be explained by the following two facts. On the one hand, diphosphonates are very stable synthetic analogues of pyrophosphates and exhibit high affinities for calcified matrices in bone, such as hydroxyapatite (HA).
37 So, when the radiotracers 99m Tc-DPs arrive at the bone surface, they will interact with HA and new chemical bonds will form between the multi-dental diphosphonate complexes and the calcium ion Ca 2+ of HA. Hence, it leads to the bone uptake of 99m Tc-DPs. As well known, if the FMO energy gap of the compound is larger, its stability is higher and its reaction activity is lower. 38 So, 99m Tc-labeled diphosphonate complex with a larger E g value is more difficult to interact with HA and the bone uptake is therefore smaller. On the other hand, if the molecular volume and surface area of the bone-targeting compound is smaller, there will be more adsorption sites on the HA. As a result, the bone uptake increases.
In summary, it is beneficial to improve the bone imaging efficiency by decreasing the FMO 
Conclusions
In this study, theoretical calculations were performed to investigate the substituent effect on the geometric and electronic structures as well as the biological properties of 99m Tclabled diphosphonate complexes. With the electron-donating substituent or tether between phosphate groups increasing, the frontier orbital energy gap increases and the reaction activity decreases. The biological properties correlate well with the FMO energy gap, molecular volume and surface area of the complex. With the decrease of the FMO energy gap, molecular volume and surface area of 99m Tc-DPs, the bone uptake and bone/muscle uptake ratio increase while the Tc-DHPP at the B3LYP/LANL2DZ level ( Figure 1S ). 
